The Global Positioning System (GPS) is a worldwide navigation system that requires a clear line of sight to the orbiting satellites. For land vehicle navigation, a clear line of sight cannot be maintained all the time as the vehicle can travel through tunnels, under bridges, forest canopies or within urban canyons. In such situations, the augmentation of GPS with other systems is necessary for continuous navigation. Inertial sensors can determine the motion of a body with respect to an inertial frame of reference. Traditionally, inertial systems are bulky, expensive and controlled by government regulations. Micro-electro mechanical systems (MEMS) inertial sensors are compact, small, inexpensive and most importantly, not controlled by governmental agencies due to their large error characteristics. Consequently, these sensors are the perfect candidate for integrated civilian navigation applications with GPS. However, these sensors need to be calibrated to remove the major part of the deterministic sensor errors before they can be used to accurately and reliably bridge GPS signal gaps. A new multi-position calibration method was designed for MEMS of high to medium quality. The method does not require special aligned mounting and has been adapted to compensate for the primary sensor errors, including the important scale factor and non-orthogonality errors of the gyroscopes. A turntable was used to provide a strong rotation rate signal as reference for the estimation of these errors. Two different quality MEMS IMUs were tested in the study. The calibration results were first compared directly to those from traditional calibration methods, e.g. six-position and rate test. Then the calibrated parameters were applied in three datasets of GPS/INS field tests to evaluate their accuracy indirectly by comparing the position drifts during short-term GPS signal outages.
Introduction
For automatic machines, be they robots, aircraft or other autonomous vehicles, navigation is of utmost importance. Navigation, by definition, provides the best possible estimate of a moving object in terms of its position, velocity and attitude (Titterton and Weston 1997) . Civilian applications have become very popular with the introduction of global navigation satellite systems (GNSS) such as the Global Positioning System (GPS). Besides being globally available, GPS provides high navigation accuracies at very low cost. GPS receivers are also very portable, have low power consumption and are well suited for integration with other sensors, communication links and databases (Grewal et al 2001) . But GPS has its limits and was not designed to work in environments such as indoors or in areas with strong signal fading and blockage. The use of additional navigation sensors, for integration with GPS navigation information, is one solution to this problem. Inertial measurement units (IMUs), wheel speed odometers, pedometers, magnetic compasses and other signal ranging systems such as pseudolites (Morley and Lachapelle 1998) and eLoran (Luo et al 2006) are just several of the available aiding devices available today. This paper will focus on the integration of IMUs due to their compatible relationship with GPS.
Inertial measurements are made internal to the body frame of the device, meaning that interference or signal blockage is primarily eliminated. The relative positions from an IMU can be estimated in two steps. First, the appropriate rotation matrix is obtained by using the angular rates from gyroscopes of the IMU. Second the specific forces from the IMU accelerometers are rotated in the required frame using the rotation matrix and then integrated twice to get the positions. Unfortunately, due to the integrations any bias is accumulated resulting in divergence of the positions with time. Unfortunately, IMUs use integrated accelerations and angular rates to develop relative positions, thus their position estimates tend to diverge with time if left uncorrected. GPS can be used to update the inertial estimates and minimize their drift over time. The inertial measurements can then be relied upon when the GPS signals are blocked (Scherzinger 2000) .
The performance of an integrated INS/GPS system depends not only on signal quality from the GPS but also on the prediction quality of the IMU sensor errors. When the GPS signals are blocked for several seconds, or even minutes, the position predictions from the IMU drift with respect to time since their errors are strongly time correlated due to the integration process as mentioned earlier. These drift rates depend largely on the minimization of the IMU residual errors. These can exist due to residual accelerometer or gyroscope errors. In the case of gyroscopes, the following equation is typically used to describe the measured angular rate:
where l ω is the measured angular rate, ω is the true angular rate, b ω is the instrument bias, S is a matrix representing the scale factor, N is a matrix describing the non-orthogonality of the gyroscope triad and ε(ω) represents the sensor noise. A similar equation can be used to describe the accelerometer observation:
Similarly, l f is the measured acceleration, f is the true specific force that we are after, b f is the accelerometer instrument bias, S 1 and S 2 are the linear and nonlinear scale factor matrices, N is the non-orthogonality matrix, δg is the deviation from theoretical gravity and ε ( f ) represents the accelerometer noise.
From these two equations it is evident that bias, scale factor and non-orthogonality errors are the dominant deterministic elements. If these errors are minimized then their residual effects during navigation will in turn minimize the position drift of the navigation system. For example, an uncompensated accelerometer bias or scale factor will introduce an error in position proportional to the square of the elapsed time (t). Similarly, an uncompensated gyro bias or scale factor will produce a position error proportional to time cubed (El-Sheimy 2006) . During navigation these parameters are typically estimated as additional states of a filtering algorithm such as the Kalman filter (KF). But convergence of the filter can take a long time or may even diverge if given inappropriate starting values. This means that initial estimates of these errors are needed for appropriate and timely online estimation. This is typically accomplished by performing a calibration prior to navigation. However, after the initial calibration a recalibration is not required as the Kalman filter can update the bias and scale factor drifts.
Factory-based sensor calibration is an expensive and time-consuming process and is typically done for research specific high grade IMUs. For very low-cost inertial sensors, such as micro-electro mechanical systems (MEMS) sensors, a calibration is rarely performed in practice. For very high quantity and low-cost applications the sensors are often deployed without any calibration whatsoever. Yet there exist many applications that use MEMS sensors with GPS and require the maximum level of performance available. One such example would be the Attitude Heading Reference System (AHRS) for small airplanes (Yuchnovicz et al 1999) . Many other examples arise within the low-cost surveying community whereby GPS is combined with multiple aiding sources such as laser ranging and high quality MEMS IMUs. For these applications a reliable yet simple calibration strategy is needed to minimize the large errors introduced by both the accelerometers and gyroscopes. A partially controlled calibration method with the minimum amount of equipment would be beneficial for such users and one such method is presented in this study.
It is now beneficial to explain the different forms of calibration. A calibration can be fully controlled in which all the inputs, outputs and the orientations are carefully set. Such kind of calibration should provide the best results but would be costly. The six-position static, rate test and local level frame calibrations, provided in the upcoming sections, are examples of this category. A partially controlled calibration, on the contrary, will only control some inputs and outputs. The new calibration method presented by Shin and El-Sheimy (2002) is an example. The third category of calibration can be regarded as automatic. It would be useful for mass sensor deployment as the initial static period of the sensor output can be used for a rough estimate of sensor biases. In automatic calibration, the scale factor cannot be calibrated as a control input and it would be required for such a situation that an estimate of the scale factor be used from a previously calibrated sensor of the same type.
For MEMS grade sensors the accelerometer and gyroscope bias instabilities can reach hundreds of micro-g and close to 150
• h −1 respectively (Foxlin 2002). The linear scale factor errors can also be very large, in the thousands of parts per million. If these errors are unaccounted for the IMU stand-alone horizontal position estimates would be expected to drift using the following approximate equation: scale factor errors as they introduce errors proportional to time squared. Calibrations are particularly useful for the removal of misalignment errors since these should be relatively constant over time assuming a rigid body IMU platform. Unfortunately, for MEMS sensors the bias and scale factors can change over time or from power on to power off so a calibration strategy would need to consider these varying quantities. The rest of the paper is divided into six sections. Section 2 describes the current INS calibration methods in use. Following that is the description of a fairly new and relatively unknown calibration method that does not require perfect alignment and is the basis of this study. Section 4 contains the methodology of the new method which is followed by results in section 5. Sections 6 and 7 contain the summary and conclusions of the presented method.
Current INS calibration methods
Calibration of inertial instruments is required to decrease the errors in the INS derived positions, velocities and attitudes of moving platforms. Calibration is the process of comparing instrument outputs with known reference information and determining the coefficients that force the output to agree with the reference information over a range of output values (Chatfield 1997) . To determine the error parameters given in equations (1) and (2), the first step in inertial navigation is to calibrate the sensors. Generally, calibration methods such as the local level frame (LLF) method, the six-position static method and rate tests are used for this purpose.
The standard methods used for calibrating IMUs were primarily designed for in-lab tests and high quality sensors, such as navigation or tactical grade IMUs. These tests often require the use of special references such as alignment to a given frame or specialized equipment. The six-position static and rate tests are among the most commonly used (Titterton and Weston 1997) calibration methods. The sixposition method requires the inertial system to be mounted on a levelled surface with each sensitive axis of every sensor pointing alternately up and down. For a triad of orthogonal sensors this results in a total of six positions. The bias and scale factors can then be calculated using the following equations:
where l up f is the sensor measurement when the sensitive axis is pointed upwards, l down f is the measurement when the sensitive axis is pointed downwards and K is the known reference signal. For accelerometers K is the local gravity constant and for gyroscopes K is the magnitude of the earth rotation rate projection to the vertical at a given latitude. However, the earth rotation rate can only be used for navigation and tactical grade gyroscopes, since low-grade gyroscopes such as MEMS suffer from bias instability and noise levels that can completely mask the earth's reference signal.
The six-position calibration accuracy depends on how well the axes are aligned with the vertical axes of the local level frame. For accurate results a perfect cube shaped mounting frame is required. This standard calibration method can be used to determine the bias and scale factors of the sensors, but cannot estimate the axes misalignments (non-orthogonalities). To estimate the non-orthogonalities, an improved six-position test can be performed which takes into account all three types of errors (Niu 2002) . In a matrix form, the output of a triad of sensors (e.g. accelerometers) can be represented as  
The diagonal m elements represent the scale factors, the offdiagonal m elements are the non-orthogonalities and the b components are the biases. By aligning the IMU using the standard six-position method the ideal accelerations would be measured as
Consequently the design matrix for the least-squares adjustment (A) will be of the form
And the raw output of the sensors in volts would be measured as a matrix U as follows:
where
and so on.
The desire is to extract the components of the matrix M in equation (6). This can be done using the well-known solution of least squares:
Similarly, the bias and scale factor of a superior quality gyroscope can be estimated when the average of the static value is used in equation (8) for at least 10-15 min (Hou 2004) . However, the six-position static test cannot be used if a low quality gyroscope is a part of the system as the earth rotation rate will be unobservable due to high noise and drift errors. Angular rate tests are used for calibrating the biases, scale factors and non-orthogonalities of the gyroscopes for lower grade navigation systems. If the rate tests and the improved six-position static method are used together, one can determine all the error components even for low cost sensors. Rate tests are typically done using a precise rate turntable. By rotating the unit through given turning rates and comparing the outputs of the IMU to these references, the biases, scale factors and non-orthogonalities can be estimated. This is typically accomplished by rotating the table through a defined angular rate in both the clockwise and counter clockwise directions.
A third method of calibration uses precise alignment of a multi-axis turntable to the local level frame (LLF). The IMU is mounted on the aligned turntable and then the unit is rotated through a series of accurately known angles and positioned in different orientations with respect to the LLF. This technique makes use of the gravity and earth rotation rates as references (El-Sheimy 2006) . Again similar to the sixposition method, precise alignment with the local level frame is the main requirement and therefore even small orientation errors will contaminate the error estimates. Also, similar to the six-position method, LLF calibration for MEMS suffers from the fact that the earth rotation is a very weak signal and is typically buried within the sensor noise for low grade inertial sensors.
This paper will explore a recent calibration method for strapdown IMU systems. This method, first described in Shin and El-Sheimy (2002) , does not require precise alignment of the IMU axes and can be applied in the field for correcting changing sensor errors such as biases. A summary of the current method is given in section 3 along with the least-squares adjustment procedure. Section 4 discusses several limitations of this method when using MEMS sensors and suggests an alternative for gyroscope error calibration. Navigation results of MEMS IMUs using this modified calibration method are given in section 5 with discussions and conclusions in sections 6 and 7 respectively.
Multi-position calibration method
This method uses the combined three-axis effect of the local gravity and earth rotation to generate the references needed for calibration. This enables the generation of calibration references regardless of the misalignment to the local level frame. Using a redundant number of IMU rotations, the IMU errors can then be estimated using a least-squares adjustment.
General model
According to Shin and El-Sheimy (2002) any measurement vector can be expressed by linear combinations of three orthonormal vectors corresponding to the three orthogonal axes of the accelerometers or gyroscopes. This characteristic holds even if the three axes are misaligned, which shows the usefulness of this method. If we start with a perfectly orthogonal and stationary triad of accelerometers then their relation to the local level frame gravity vector can be expressed as:
where α, β and γ are the angles generated between the local gravity vector and the IMU x, y, z axes as shown in figure 1(a). Using these angles the following relationship forms the general model for this calibration method:
(11) A similar model can be developed for the gyroscopes using the earth rotation rate as the reference.
Inclusion of non-orthogonality
This method considers non-orthogonality by creating a series of rotation matrices that define the relationship of the misaligned axes to those of the perfectly orthogonal triad considered in the general model. Considering first the y-axis, if it is misaligned about the z-axis by θ yz then the rotation matrix needed to rotate back to the orthogonal y-axis can be represented by
Similarly, a non-orthogonality of the z-axis can be represented by two elementary rotations, one about x(θ zx ) and another about y(θ zy ). The forms of these two matrices would be 
In shorthand notation all vectors in three-dimensional space can be expressed as linear combinations of these three vectors for an accelerometer or gyroscope triad:
(1, 0, 0) y 1 : (−sin θ yz , cos θ yz , 0) z 1 : (sin θ zy , −sin θ zx cos θ zy , cos θ zx cos θ zy )
Going back to the general model of the accelerometers, the values sensed by the non-orthogonal axes would be gx 1 = gx gy 1 = −gx sin θ yz + gy cos θ yz gz 1 = gx sin θ zy − gy sin θ zx cos θ zy +gz cos θ zx cos θ zy
In a matrix form, this system of equations can be more easily represented as  
And assuming small misalignment angles it can be approximated by 
Inclusion of biases and scale factors
The introduction of bias and scale factor errors into the nonorthogonality model would constitute the major errors in equation (3). For the accelerometers the sensed signals would be l gx = b gx + (I + s gx )gx l gy = b gy + (I + s gy )(−gx sin θ yz + gy cos θ yz ) l gz = b gz + (I + s gz )(gx sin θ zy − gy sin θ zx cos θ zy +gz cos θ zx cos θ zy )
By rearranging these equations we can solve for gx, gy and gz as was done in Shin and El-Sheimy (2002) . Or more directly, using the approximation in equation (17) Then, using the general model we can create an implicit form of the equations as follows: 
Least-squares adjustment
Using these implicit mathematical models, a weighted leastsquares adjustment can be performed using a combined case with weighted parameters as described in Krakiwsky (1990) . The adjustment aims to minimize the sum of squared errors such that the linearized mathematical model is upheld: Minimize
such that
where w is the misclosure vector and A 1 and B are design matrices consisting of the partial derivatives with respect to the estimated states (sensor biases, scale factors, nonorthogonalities) and the measurements respectively and are provided as follows: 
δ and r represent the corrections to the estimated states and observed measurements. The solution is as follows: 27) where N is the coefficient matrix of the normal equations as defined in Shin and El-Sheimy (2002) ,
For details please refer to Shin and El-Sheimy (2002) and Shin (2001) . The termination criterion was set to 300 iterations for the least squares but the results typically converge in 10-30 iterations.
Multi-position schemes
To avoid singularity when calculating the inverse of the normal matrix, it is required that as many attitudes are observed as parameters estimated. For a triad of accelerometers or gyroscopes we would typically be estimating three biases, scale factors and non-orthogonalities, making a total of nine unknowns per triad. This means that a minimum of nine different attitudes would have to be used within the adjustment. But in reality, more positions that cover various attitudes are needed to get reliable results. For the purpose of this analysis a total of 26 different attitudes were used ( figure 1(b) ) within the adjustment. The first six positions consisted of each face down. Then each side of the IMU frame was put down for another 12 positions. Finally each corner was placed down to generate another 8 positions. The exact alignments of these placements were not important, just that each position was significantly different from the others to avoid singularities. To avoid confusion with other calibration methods, Shin and El-Sheimy's method will be referred to as the multi-position method for the continuum of this paper.
Modified multi-position calibration
The main drawback in using the multi-position calibration method is that the gyroscope reference (earth rotation rate) is a weak signal which can result in observability problems when estimating the scale factors and non-orthogonalities. In Shin and El-Sheimy (2002) this problem was not addressed, but it will be shown in the following sections that for MEMS sensors these errors can contribute largely to the overall position error during prediction periods. Instead of using the earth rotation as a reference signal, this paper modifies the multi-position calibration method using a rotation rate table.
Another issue with the multi-position calibration method for MEMS IMUs is that it is difficult to converge to reasonable bias and scale factor values for MEMS sensors without an initial rough estimate of these error values. This is due to the large parameter variation of these sensors. To provide approximate starting values for the biases and scale factors of the accelerometers, the positions closest to face up and face down configurations were used in the modified multi-position method. The reason these are only approximate values is due to the rough installation of these positions with respect to the vertical gravity vector; a perfect cube was not used as in the six-position static calibration. For the starting value of the gyroscopes, any static output can be regarded as the gyro bias since the earth rotation is negligible compared to the original gyro biases.
In summary, the modified multi-position method has the following two differences than the previously published paper by Shin and El-Sheimy (2002) for use with low cost MEMS inertial sensors:
(1) Use of approximate up and down configurations to remove the large biases of low grade MEMS sensors. (2) Inclusion of a single-axis turntable for the calculation of scale factor and non-orthogonalities of gyroscopes. Here it is important to reiterate that any specialized alignment of the IMU is not required.
The intent of this modified multi-position calibration method is to remove large deterministic MEMS sensor errors using as practical a method as possible. The current method in Shin and El-Sheimy (2002) does not estimate gyroscope scale factors and non-orthogonalities. Thus the first step will be to analyse the impact of neglecting these errors.
Using a rotation rate turntable these error computations will then be included into the modified multi-position calibration method. The calibration results of this modified multi-position method are compared to those of a six-position static test using a perfect cube. The calibration estimates are compared directly and are also applied in a real navigation field test to compare the positional error drifts during several induced GPS signal outages. During these outage periods the IMU provides the Kalman filter system predictions with position errors expected to increase as outlined in equation (3). Finally, since there are a wide variety of MEMS sensors, two very different MEMS units were used for comparison of these calibration methods. The new calibration procedure was run on a Pentium 4, 3.2 GHz CPU and took less than a minute to complete starting from raw measurements.
Results

Test description
As mentioned before, the different calibration methods were compared not only by the calibrated sensor parameters, but also by the navigation performance in field tests using these compensated parameters. The two MEMS sensors included in these tests were the BEI MotionPak II and the MEMS ADI IMU. The MotionPak unit is a relatively high grade MEMS IMU while the ADI would be classified as a low grade MEMS IMU. The ADI IMU was developed by the Mobile Multi-Sensor Systems (MMSS) research group at the University of Calgary and more details can be found in Niu and El-Sheimy (2005) . All the inertial and GPS systems were setup in a 2003 Dodge Grand Caravan for testing on the same vehicle trajectories. Two NovAtel GPS OEM4 antennas, a MotionPak II inertial measurement unit and a high end tactical grade inertial system were installed on the roof, as shown in figure 2.
The ADI Sensor Triad was installed in the cargo area of the van on a rigid platform along with the batteries and the laptops needed to record the data. The first dataset was collected around the University of Calgary research park area in mainly open sky conditions with several short (<10 s) real GPS blockage periods. Two separate loops were followed in clockwise and counterclockwise directions along the same trajectory. The first loop was short while the second was nearly twice the circumference of the first. Both loops involved stops for 4 to 6 min near the same open sky areas. This trajectory is a typical low speed scenario which mimics driving in residential areas. In the remainder of the paper this trajectory will be referred to as run 1. In run 1, eleven 60 s GPS signal outages were simulated by removing the GPS updates to the Kalman filter.
The second trajectory, called run 2, started from the University campus and ended at the Calgary International Airport.
This trajectory involved moderate turns and accelerations, along with natural GPS signal outages such as bridges and underpasses. Run 2 was a typical highway scenario. The final trajectory, run 3, was simply the reverse direction of run 2. Runs 2 and 3 had six and ten 60 s GPS signal outages respectively. Figure 3 shows the trajectory for run 3 along with the locations of the ten 60 s GPS signal outages.
The previously shown GPS signal outages were carefully picked to cover a variety of typical land vehicle dynamics. The IMU position errors during GPS signal outages were obtained and then compared with the reference solution. This true solution was acquired from a post-processed smoothed best estimate of a navigation grade IMU combined with differential GPS (DGPS).
The results are divided into three sections. Section 5.2 provides motivation for including gyroscope scale factor and non-orthogonality calibration in the modified multi-position method by comparing the navigation solution of the ADI unit with and without compensation of these calibration values. Section 5.3 includes comparisons between the bias and scale factors computed by the Modified Multi-Position method and the traditional six-position static and rate test method. In the third section, position drifts during the simulated GPS outages for both MotionPak II and the ADI are shown to compare the navigation accuracies.
Effect of full gyroscope calibration using a turntable
The need for a modified multi-position calibration method stems from the assumption that gyroscope scale factor and non-orthogonality estimation is important for MEMS sensors. The effect of these errors will be analysed for the ADI unit for a general idea of their importance. Equation (3) can also be consulted where we find that these errors are typically proportional to time squared. Table 2 shows the maximum position drifts obtained without calibrating/compensating for scale factor (SF) errors and non-orthogonalities (i.e. using the original multi-position Table 3 . Biases and scale factors computed by the modified multi-position method and six-position static and rate tests for MotionPak II. method without the use of a turntable) and the drifts obtained by the modified multi-position method. Similar results were obtained when run 2 and run 3 position drifts were analysed for the two methods described above. The results in table 2 clearly indicate that MEMS sensors, SF errors and nonorthogonalities play an important role in the overall accuracy of the system which can only be estimated using a turntable.
Calibration results comparison
The biases and scale factors computed by the modified multiposition calibration method were also compared with the values obtained by combining the conventional six-position static and rate tests as shown in tables 3 and 4. The values given in table 3 correspond to the MotionPak II unit which is considered a higher grade MEMS IMU. Here it is important to note that the biases and scale factors for the modified multiposition method were calculated in two steps. The first step was the rough estimation of these values using face-up and down configurations to provide a good starting point for the least-squares estimation. The second step was the computation of the residual errors using the least-squares adjustment. Tables 3 and 4 list the computed biases and scale factors for the MotionPak II and the ADI sensors. The biases and scale factors estimated from the modified multi-position method are similar to the commonly used six-position static and rate test.
Navigation accuracy comparison
This section compares the effect of the two calibration methods in terms of the position drifts during simulated GPS outages for both the MotionPak II and ADI units. Table 5 gives the maximum position drifts for run 1, evaluated using the IMU data calibrated by the modified multi-position method and the commonly used six-position static and rate test. The performance was evaluated with respect to the reference trajectory during the 60 s GPS outages when the IMU was working as a stand-alone navigation predictor. As can be seen from table 5, for MotionPak II, a 9% decrease in position drift errors is achieved when using the modified multi-position method while the drifts are increased by 5% for the ADI sensors.
The results for run 2 and 3 are given in tables 6 and 7 respectively. Both of the tables clearly indicate that the performance of the modified multi-position method is comparable to the traditional six-position static and rate test methods. However, it should be reiterated that the modified multi-position method achieved these results without complicated alignment, which is the major advantage of this method.
Figures 4(a) and (b) show the position drifts obtained for the MotionPak II during run 3 using both calibration methods. Both methods give similar position drifts for all outages.
Similarly, figures 5(a) and (b) show the position drifts obtained during run 3 for the ADI using the two calibration methods of comparison. The drifts for the ADI were comparatively greater than the MotionPak II drifts which was expected due to the quality difference of the MEMS sensors. Again, the drift errors were consistent in each GPS outage for the two calibration methods.
Summary
IMUs provide an attractive solution to bridge GPS signal outages for land vehicle navigation. Although they are standalone navigation systems they still suffer from time-related errors due to the integration of signals. As such, any residual deterministic error in the signals can significantly degrade the navigation accuracy. MEMS sensors are light-weight and lowcost and hence can be used in civilian navigation systems.
However, these systems need calibration for an accurate navigation solution when the GPS is unavailable. Although it is not realistic to calibrate all MEMS sensors which will be used in car navigation, the calibration of several sensors is very important to offer a better understanding of the performance characteristics of these sensors. The calibration parameters for these sensors can, in principle, be used for all the other sensors of the same category, given that manufacturing tolerances are well understood.
There are several methods such as local level frame calibration, six-position static and rate test, and multi-position calibration to calibrate the inertial sensors. The first two methods require precise alignment of the sensor with either the local level frame or to the vertical direction. Consequently, a perfect cube is required for six-position static and rate tests, which is commonly used for IMU calibration. In contrast, the multi-position calibration does not require precise alignment. The drawbacks of the multi-position calibration are redundant positions needed to observe the parameters and difficulties in dealing with the large biases and scale factor errors associated with MEMS IMUs.
This study detailed a modified multi-position calibration method based on Shin and El-Sheimy (2002) for MEMS sensors. The results were compared with the commonly used six-position static and rate test methods. First, modification to the multi-position calibration method was done in order to provide a starting point for the least-squares adjustment for bias and scale factor estimation. The second modification to the method was the inclusion of a turntable to provide a strong reference rotation rate for the high noise MEMS sensors that cannot use the weak earth rotation signal as a reference. The modified method produced similar results to the wellestablished six-position static and rate test. The use of the turntable was clearly justified by the results in table 2. The results degraded significantly when the gyro scale factor and non-orthogonalities were not compensated using the same multi-position method principle. The mean deviation of drift errors was over 600 m as compared to only 79 m when these additional errors were compensated with the turntable calibration. The maximum drift was as large as 2579.5 m, for the standard multi-position method, making this calibration nearly useless for MEMS IMUs without a reference rotation rate signal to calibrate the scale factor and non-orthogonalities of the gyroscopes.
The computed biases and scale factors from the two methods were compared in table 3. The similarity of the two sets of results show that the modified multi-position method can be used to replace the well-established six-position static and rate test and thus can eliminate the need of perfect alignment of the IMU. The only remaining drawback would be the additional positions needed to perform the calibration. But due to the simplicity of these modified multi-positions, they could be easily implemented in the field without requiring precise alignments. A similar comparison for the non-orthogonalities of the IMU axes was not possible. The six-position static and rate test estimates the non-orthogonalities in the frame of the perfect cube, and hence the scale factor and non-orthogonalities matrix in equation (19) would be fully populated and the misalignment between the accelerometer and gyroscope triads can also be calibrated out. The modified multiposition method, on the contrary, performs the alignment of the accelerometer and gyroscope with respect to their x-axes. The x-axis is considered as the constant and the y and z-axes are rotated to make them orthogonal to the x-axis. Furthermore, the modified multi-position calibration technique still cannot estimate the inter-triad misalignments between the accelerometer and gyroscope triads.
The drift error comparisons using simulated GPS signal outages have demonstrated that the modified multi-position method is as good as the traditional six-position method with the exception that the modified multi-position method does not require a cube to ensure perfect alignment of the IMU during calibration. The results for all GPS outages were consistent for both calibration methods. Furthermore, the separate components of the position (i.e., north, east and up) also showed similar trends for both methods.
Conclusions
A modified multi-position calibration method has been developed specifically for MEMS IMUs. The improvements include a coarse precalibration and the inclusion of gyro scale factor and non-orthogonality estimation by including a rotation reference input from a turntable. The results shown in this paper clearly indicate that the proposed modified multi-position method developed for MEMS sensors can successfully replace the traditional six-position static and rate test. The main advantage of the new method is that it uses multiple positions without any special alignment requirements to estimate the sensor bias, scale factors and nonorthogonalities. This method is less costly as it only needs a single-axis turntable as compared to a multi-axis turntable. The orientation of the IMU in different positions is less time consuming since only the approximate positions are required. The addition of a reference signal for the gyroscope calibration by using a turntable is also desirable for minimization of navigation errors.
The only remaining problem of using this method arises when the accelerometer and gyroscope triads have significant misalignment from each other. This method calibrates both sensors to one unique reference frame, and hence this misalignment between triads cannot be detected and in turn will cause errors during navigation.
